This paper focus on the echelon use of batteries. One of the flexible battery group technologies is the cascade half-bridge battery energy storage system with distributed control. It has the advantages of simpler structure, higher reliability, lower cost and it is easier to achieve fault-tolerant. In the paper, the classical droop control method in Microgrid is introduced to the current control of series system. The small-signal model is built at first. By using impedance analysis and characteristic root analysis, the anti-disturbance capability of the system is analyzed，with the current source control and bus voltage source disturbing in different module numbers or inductances. At last, cascade half bridge experimental equipment is designed, constructed and tested to verify the analysis and stable operation.
Nomenclature

Abbreviation
BESS
Introduction
With the development of new-energy vehicles，there will be a large number of batteries took down，which will be useful in echelon use, but its echelon use has difficulties of poor consistency and high cost of grouping again [1] . It solves this problem conveniently to use the flexible battery group technology with power electronic equipment.
On the one hand, modular multilevel circuits (MMC) have been extensively studied in topology, control methods and other aspects [2] - [4] , among which, the cascade half bridge battery energy storage system (CHBESS) with distributed control, has the advantages of simpler structure, higher reliability, lower cost and it is easier to achieve fault-tolerant, and it is suitable for the energy storage applications of medium and low voltage DC micro-grid.
On the other hand, compared with the centralized control, the distributed control of the modules saves hardware cost, has good scalability, but it has the disadvantages of more complex control loop design. So, it is more suitable for the scenarios with high requirements on modularity and fault-tolerant [5] - [7] .
At present, the research on flexible battery group technology of BESS mainly focuses on various types of topology and centralized control. This paper makes exposition of the flexible battery group technology and its features, and it analyzes the grid-connection control strategy of the converter [8] . Another paper presents a new differential charge and discharge control strategy [9] . But module charge-discharge strategy of them still depends on the centralized controller, and only used in AC power grid.
This paper describes a 6.6-kV battery energy storage system based on a cascade pulse width-modulation (PWM) converter, which focus on a control method for state-of-charge (SOC) balancing of the battery units [10] . During the occurrence of a single-converter-cell or single-battery unit fault, the fault-tolerant control enables continuous operation and maintains state-of-charge balancing of the remaining healthy battery units. This enhances both system reliability and availability [11] . It provides a good solution for the design of cascade topology circuit, but it lacks detailed analysis how the major factors affect the stability of the system.
The paper reports such a unique issue and thoroughly investigates the stability of the modular converter under the distributed sharing scheme [12] . It shows that a cascaded PI control-loop approach cannot guarantee the system stability throughout the operating conditions. However, it is only aimed at boost circuit and module output voltage control, which can provide experience for the stability analysis of cascade half-bridge circuit.
In this paper, the classical droop control method in microgrid is introduced to make current control of series system stable. The small-signal model is built at first. By using impedance analysis and bode graph of transfer function, the anti-disturbance capability of the system to the current source control and bus voltage source is analyzed, when the module number and the inductance change. At last, cascade half-bridge experimental device is designed, constructed and tested to verify the analysis and stable operation.
Working principle
Concepts of CHBESS
CHBESS combines several power modules in series or in parallel to form an energy storage system of high voltage and large capacity, and the power module is formed form battery cell and power electronic equipment of half-bridge topology. The main objective is to carry out active balance management on battery units and improve the energy efficiency. The system could be connected to DC bus directly or to AC bus through PCS as figure 1.
CHBESS with distributed control has the following two distinguishing features.
(1) On hardware, each power module has a complete sampling, protection, communication circuit and control unit, and only common current path and communication circuit are connected between each module; (2) On software and control, each power module is independently sampled and controlled, with achieving coordination in a decentralized manner, forming overall output characteristics and achieving the predetermined control objectives.
Distributed control methods
In the study of micro-grid system, distributed control has been well developed. Among them, the widely used and reliable method is voltage-current droop control [13] . The distributed control method of CHBESS is mainly based on series IV droop control. The bus voltage is controlled by PCS or other devices, and parameter setting needs to consider the comprehensive bus voltage range and current range.
The IV droop control between modules can be expressed as equation (1), where I is the smoothed value of inductive current, Uoi is the equivalent output voltage of module, ki is the related droop coefficient, i =0,1,2...n, and n is the number of modules. IHi is a given constant, and the voltage has the following relationship: total output voltage Uo=Uo1+Uo2 +...+ Uon.
The unit cascade side voltage is the switching waveform and the voltage sampling data is invalid, so the product of the battery voltage multiplied by the duty ratio is used to replace it approximately. The closed-loop transfer functions of IL to IH is equations (4) and IL to Uo (5).
Jian Sun, a professor, brought forward the impedance analysis of the current source control stability at 2011. And he pointed out that under the assumption that the inverter is controlled as a current source and is stable when operating with an ideal grid, and it will remain stable with a nonideal grid when the ratio of the grid impedance to the inverter output impedance satisfies the Nyquist criterion in the frequency domain [14] . The output impedance Zo(s) is equations (6) .
Analysis of anti-disturbance capability
Based on the analysis, it can be concluded that the main disturbance factors are: current source control disturbance, bus voltage disturbance, module fault redundancy, etc. In addition, the factors influencing its anti-disturbance capability include module number, inductance and control parameters. Compared with a single DC/DC of the same power and voltage, the maximum current ripple is reduced to 1/n 2 with multiplex modulation technology.
Analysis of bus voltage disturbance
Based on the analysis of current source impedance ratio criterion, the following two points can be concluded.
(1) With fixed inductance and the number of modules increasing, the equivalent output impedance of half bridge series will increase correspondingly at low frequency, which is beneficial to adapt to the wide range of side impedance.
(2) With fixed number of modules, the larger inductance will reduce the equivalent output impedance of the system at high frequencies, and reduces the system's anti-disturbance capability to high-frequency on the bus side. 
Analysis of current source control disturbance
Based on the small-signal model of distributed control stability analysis, the following two points can be concluded.
(1) Under the constant inductance and the increase of the number of modules, the system's ability to antidisturbance of high-frequency on the source side is weakened, and large overshoot or even unstable control may occur.
(2) Under the same number of modules, with the inductance decreasing, the system's ability to antidisturbance of high-frequency on the side of the current source is weakened.
As Figure 5 , fixed inductance L=200uH with module number increases, and Figure 6 , fixed n=6 with the inductance decreases. 
Analysis of module fault redundancy
CHBESS allows module to cut in and out. According to the action time, it can be divided into conventional scheduling, and fault fast cut out. Considering its influence on the control of the unit in the cluster, it is consistent with the instantaneous surge effect of voltage. Therefore, it can be analyzed by the method of bus voltage disturbance.
Verification of experimental device
The experimental device of cascade half bridge is built, and the distributed control applied in CHBESS is verified by using the theory of small signal modeling and analysis.
There are three modules in CHBESS experimental device. And battery voltages of modules are all approximately equal to 50V. Duty cycle of modules is fixed as 0.5 and load current is 20A. Figure 7 shows Inductance current of CHBESS which is used in synchronous phase-shift modulation, Figure 8 shows Inductance current of equivalent single DC/DC of the same power and voltage. The maximum current ripple is reduced to 1/9 with multiplex modulation technology. Then, the dynamic experiment of the system is completed. Figure 9 shows the current of CHBESS under const voltage and Variable current instruction. IL increase 20A at first and decrease 10A later and decrease 10A again at last. Figure 10 shows the current of CHBESS under voltage disturbance. VBus is the total output voltage of three modules.
The current control of CHBESS is stable, and its rate of change approximately 1A/ms. Current changes about 4A when bus voltage decrease 7.5V (5%) at once. In conclusion, the CHBESS with distributed control is controlled stable and has good dynamic response performance. 
Conclusion
In this paper, a small-signal model of cascade half bridge energy storage system with distributed control is constructed, and IV droop is introduced to series system. By using impedance analysis and bode graph of transfer function, the anti-disturbance ability of the system to the current source control is analyzed when the module number and inductance change. Based on simulation analysis and calculation, cascade half-bridge experimental device is designed, constructed and tested to verify the analysis and stable operation.
